Background
The processing of materials from powders has several advantages over deformation methods such as the easy tailoring of the microstructure, the adequate control of chemical composition and the possibility to produce ceramic-metal composites. However, the production steps comprising the preparation of raw materials (powders + additives), forming, sintering, calibration, and limitations regarding with the size and geometry of the components makes powder processing to be a complex process with enhanced cost at any stage, which limits the choice of this route 1 . Within this context, there are several techniques for obtaining metallic and ceramic components, the main being pressing, extrusion, forging and other metallurgical techniques that are performed under dry conditions. However, another feasible route for the production of complex parts with uniform microstructures is those based on colloidal routes 2, 3. Colloidal processing comprises the preparation of a homogeneous mixture of powders in a liquid medium (organic or preferably water) to form a stable suspension where the repulsive forces impede the tendency to agglomerate due to van der Waals forces keeping the particles well dispersed in the suspension. Some popular techniques for shaping powders into bulk bodies, substrates, and coatings include slip casting, tape casting and dipping, respectively [2] [3] [4] [5] [6] [7] [8] [9] . The components produced by these routes can have a great variety of shapes and sizes and meet the requirements for a broad number of applications in many sectors like microelectronics, structural, biological and photocatalysis, to mention only a few 10 . The deposition of thin films of nanocomposites with colloidal particles is commonly performed by dip-coating. Dipping allows us to produce coatings with thicknesses of an order of magnitude of few microns and permits a desirable control of composition, density and hardness after sintering 5, 9, 10 . The coating of nickel matrix composites with high density and tailored microstructures having new interesting properties has been studied recently using different approaches, one of the most interesting being the use of colloidal routes 11, 12 . Several works have reported the rheology, the electrolytic properties and the interactions between phases in metal-ceramic composites with oxides as ceramic reinforcing phase, mainly Al 2 O 3 , SiO 2 , ZrO 2 and TiO 2 for applications as electrodes 13 for fuel cells and structural components 14 . Among the nanoparticles of the second phase mentioned above, titania is widely used as a photocatalytic agent, in biomedical devices, as well as hardening of a metallic matrix to enhance the strength and stiffness of structural components [15] [16] [17] [18] . In this context, this work aimed to evaluate the production of composite coatings of nickel reinforced with titania nanoparticles produced by immersion in aqueous suspensions of Ni-TiO 2 mixtures without additives.
Methods
A micron sized powder of nickel (T110, INCO, Canada) and a nanotitania suspension (Aerodisp W 740X, Degussa-Evonik, Germany) with mean particle sizes of 2.5 µm and 40 nm and densities of 8.7 and 4.2 g.cm -3 respectively, were used. Aqueous suspensions of Ni/TiO 2 mixtures with concentrations of 1.0, 3.0, and 5.0 vol.% (0.5, 1.5, and 2.5 wt%, respectively) of nanotitania were prepared to final solids contents of 30 vol.% using deionized water. According to previous studies 2 In this work carbon steel plates were dip-coated with a composite film obtained from a colloidal suspension of Ni-TiO 2 . Suspensions with different solids contents were used to evaluate the adherence of the film and the microstructural features. The samples were characterized using both optical and scanning electron microscopy, energy dispersive spectroscopy and microhardness. The microstructural analysis revealed that the films have high porosity at the surface. However, an interfacial region was observed demonstrating that there was good adhesion between both materials. This region shows an increased hardness that can be attributed to diffusion mechanism of nickel from the composite film to the steel matrix. Besides the interface, there was an abnormal grain growth, followed by a region of smaller grains of austenite and at longer distances near the center of the plate some colonies of pearlite appear.
Keywords: Rheology, Metal oxide composite coatings, Dipping
stabilized with 1 wt% commercial polyacrylic acid based polyelectrolyte (Duramax D-3005, Rohm and Haas, USA) adding tetramethyl ammonium hydroxide (TMAH) up to pH 10 to prevent degradation of the powder. Suspensions were prepared by ultrasonic mixing using a 400 W sonication probe (Dr. Hielscher U400S, Germany) for 3 min and further stirring for 1 h. Rheological characterization was carried out using a rheometer RS50 (ThermoHaake, Germany) with a double-cone/plate sensor configuration (DC60/2°, ThermoHaake, Germany) and a testing temperature of 25°C. Flow behavior was measured under controlled rate conditions employing a measuring program in three stages; first a linear increase of shear rate from 0 to 1000s -1 in 3 min; a plateau at the maximum shear rate (1000s -1 ) for 30s, and a decrease to zero shear rate in 3 min.
Commercially available sheets of low carbon content steel AISI 1020 were used as coating substrates. The microstructure of the carbon steel sheet used as substrate material of the composite layer of Ni-TiO 2 is shown in Figure 1 . It can be seen that it has a homogeneous microstructure with little variability in grain size comprising predominantly ferritic matrix with a few colonies of pearlite in the grain boundaries with a random distribution.
Single coatings of Ni-TiO 2 were obtained by dipping at a withdrawal rate of 10 mm⋅s -1 . Every formed layer was weighted after 24h drying in air at room temperature. Green samples were sintered under Ar/5% H 2 flowing atmosphere using a two-step heat treatment, with a first ramp from room temperature to 500°C in 40 min to allow deflocculant burnout and a second step from 500°C to 900°C in 1 h. The final microstructure of the sintered bodies was observed by optical and scanning electron microscopy SEM (Leica DM4000M, Germany, and Phillips XK30, respectively, Netherlands). Sintered samples were observed on polished surfaces after chemical etching (Nital reagent). Present phases in the composite coating layer were identified by X-ray diffraction using a X'Pert (Philips, Netherlands) apparatus with a Cu (λ = 1.54 Å) target and a Ni filter at 0.02° (2θ/s) scanning speed. For analysis at different depths, the material was removed using fine sandpaper (1200 particles per square). Vickers hardness was determined for the coating and matrix samples using a microdurometer (Shimadzu HMV-2, Japan). The results were obtained from an average of 10 measurements. Figure 2 shows the flow curves obtained from the rheological measurements of the suspensions with a solids content of 30 vol.% and different concentrations of TiO 2 . The results show that the suspensions have a pseudoplastic behavior with the presence of a negligible yield stress, which indicates that a very good dispersion condition. Another important feature is the absence of thixotropy, which allows us to assume that the deflocculation process has been successful to prevent attraction interactions (van der Waals forces) among the particles. These results are characteristic of well-dispersed suspensions with high solids concentration.
Results and discussions
From the flow behavior the influence of the concentration of nanoparticles of titania on the viscosity of the suspensions can be drawn, as shown in Figure 3 for viscosity values taken at a shear rate of 50s -1 . Observing the figure it is noted that increasing amounts of TiO 2 nanoparticles lead to a square root increase of the viscosity values. The viscosity values increase can then be attributed to the lack of affinity between the ammonium polyacrylate and organic compounds components of the titania suspension. These nanoparticles remain in the liquid medium, promoting thickening of the suspension, as it increases the concentration of nanoparticles. Steel substrates were dip-coated with these suspensions and further sintered at 900ºC/1h. After sintering, nanostructured coatings were obtained. Homogeneous, crack-free coatings with a relatively high porosity ( Figure 4) were obtained in which titania nanoparticles are very well distributed around the surface of Ni particles. The microstructure may be divided into three well-defined regions as shown in the SEM pictures presented in Figure 5 . The outer surface consists of a porous layer of the Ni-TiO 2 coating. The second region shows the existence of a connection interface between the composite coating and the substrate. This presents a clear path for diffusion of nickel atoms in the grain boundaries of the steel substrate during sintering. The maintenance of the sample for increasing times in the furnace enabled atoms of nickel to penetrate into the crystal lattice of iron forming the third region of the microstructure.
The substrate showed significant microstructural changes after sintering of the composite coating. As can be noted, there was an increase in grain size in the first layer of the substrate microstructure attributed to the formation of austenite (Fe-γ), characterized by coarser and polyhedral grains. The formation of this microstructure is due to the typical nickel atoms diffusion process into the iron lattice crystalline, which is accelerated by high temperature. Nickel is gammagene element which enables the presence of austenite at room temperature. Furthermore, the inferior layers of the microstructure also underwent changes due to the migration of nickel into the steel. The austenite is able to absorb carbon atoms in their crystal structure about 2.0wt%. This means that colonies of pearlite dissolve the free carbon migrate to the surface and saturate the austenite. Consequently, it can be observed an intermediate region of ferrite (Fe-α) and a combination of ferrite-pearlite composing the original microstructure of the steel 19, 20 . The high viscosity of the Ni-TiO 2 suspensions, influenced the adhesion during the formation of the coating. This effect is shown in Figure 6 . Despite their high porosity the coatings with concentrations of nanoparticles of up to 3.0 vol.% showed a good adherence to the substrate (Fig. 6 (a) and (b) ). However, the addition of 5.0 vol% of nanoparticles led to poor adherence and the layer peels out (Fig. 5 (c) ). This lack of adherence can be explained primarily by the greater viscosity of the Ni-5%TiO 2 suspension that leads to thicker coatings and faster drying, thus affecting the anchoring on the steel surface.
Microhardness measurements were performed in different regions of the microstructure: within the coating and at the interface with the substrate. Table 1 shows the correlation between the microhardness values profile and the titania content in the Ni-TiO 2 composites for the three distinct regions of the microstructure after sintering. The first column presents measurements from the surface where the coating is situated. It is evident that the increase of the values is due to the increasing concentration of nanoparticles, since the coating has high porosity and influence of this factor is already being considered in the measurement. The second column refers to the intermediate layer adhered to the substrate. The results show that there was a tendency of the hardness to decrease with increasing titania content. This can be explained correlating the amount of coverage provided to the nanoparticles over nickel particles. These results suggest that the higher the concentration of nanoparticles promotes a thicker nanotitania coating and consequently, the lowest rate of diffusion of nickel into the steel matrix carbon. Finally the results obtained for the substrate show that it was not affected by the composite coating.
To identify the phases present in the microstructure the sintered samples were analysed by X-ray diffraction following this methodology: first, the surface layer was scanned and made some removal of material by grinding and new scans were further made. The results are shown in Figure 7 . layer, peaks were identified as pure nickel and a nickel-rich intermetallic compound FeNi 3 (Figure 7b) . In a lower region, between the coating and the substrate, the formation of a stoichiometric compound rich in iron, Fe 0,64 Ni 0,36 (Figure 7c) , which is not present in the equilibrium phase diagram can also be identified. With further grinding only Fe peaks were observed (Figure 7d) . Finally, the peaks of pure nickel show a slight enlargement. This can be attributed to the formation of substitutional solid solution from the migration of iron atoms to the crystalline lattice of the nickel.
Conclusions
A study of the dip-coating process of low carbon steel plated with Ni-TiO 2 composite by colloidal route was made. The results obtained from the rheological behavior showed that the viscosity of the suspensions increases in the presence of nanoparticles. The final microstructure obtained was divided into three regions: the coating showed the TiO 2 nanoparticles covering the Ni particles. The formation of an interface comprising Fe-Ni was formed during sintering. In this case, the nanoparticles promote a reduction in the diffusivity of atoms of nickel to the substrate during the sintering step. In the third region, i.e. the substrate, the observed formation of a layer of coarse grains suggests that it is formed by austenite. This region has absorbed carbon contained in the pearlite microstructure of steel, changing the final microstructure of the substrate, which shows coarse grains, a ferritic region and finally again the presence of perlite. The microhardness value obtained slightly changed between the different regions. The coating obtained the lowest results, the substrate showed intermediate values similar to those of uncoated substrates, whereas the highest values were obtained at the interface, which is related to the formation of a compound of the Fe-Ni substitutional solid solution.
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